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RagA RagC L o c k i n g L o c k i n g U n l o c k i n g U n l o c k i n g INTRODUCTION mTOR complex I (mTORC1) is a central regulator of cell growth and proliferation. Diverse inputs, including amino acids, growth factors, and energy levels, converge on mTORC1 to regulate its kinase activity and signal to downstream effectors (Efeyan et al., 2015; Gonzá lez and Hall, 2017; Jewell et al., 2013; Shaw and Cantley, 2006) . Upon activation, mTORC1 triggers anabolic processes, such as protein synthesis and ribosomal biogenesis, and inhibits catabolic ones, such as autophagy (Dibble and Manning, 2013) . Dysregulation of mTORC1 promotes aberrant growth and contributes to numerous human diseases, including cancer and neurological disorders like epilepsy (Wong, 2013) . mTORC1 activation requires two steps controlled by distinct small GTPases: translocation of mTORC1 to the lysosomal surface and stimulation of its kinase activity. In the presence of amino acids, the Rag GTPases recruit mTORC1 to the lysosome (Sancak et al., 2008; Wang et al., 2005) , where, if growth factors are present, the Rheb GTPase turns on its kinase activity (Inoki et al., 2003; Li et al., 2004; Menon et al., 2014; Saito et al., 2005; Saucedo et al., 2003; Stocker et al., 2003) . Thus, these two GTPases form an AND gate that ensures that mTORC1 is active only under favorable growth conditions. Within the Ras-like superfamily of GTPases, the Rag GTPases belong to the TRAFAC (translation factor-related) class due to a conserved threonine residue on the lateral side of the nucleotide-binding pocket (Thr35 in Ras; Thr42 and Thr96 in RagA and RagC, respectively) (Leipe et al., 2002; Shan, 2016) . However, unlike other characterized members of the superfamily, the Rag GTPases form obligate heterodimers consisting of RagA or RagB bound to RagC or RagD, and so each functional unit can bind two guanine nucleotides (Nakashima et al., 1999; Sch€ urmann et al., 1995) . Distinct from the signal recognition particle (SRP) and its receptor (SR), which toggle between monomeric and dimeric forms during the protein-targeting cycle, there is no evidence that the Rag GTPase heterodimer ever dissociates into stable monomers within cells. Several multi-protein complexes regulate the Rag GTPases, including Ragulator, which localizes them to the lysosomal surface and modulates their nucleotide loading (Sancak et al., 2010) , and the GATOR1 Panchaud et al., 2013) and FLCN-FNIP2 complexes (Petit et al., 2013; Tsun et al., 2013) , which are GTPase-activating proteins (GAPs) for RagA/B and RagC/D, respectively.
Previous studies in cells found that the Rag heterodimer is active and capable of interacting with mTORC1 when RagA/B is bound to guanosine triphosphate (GTP) and RagC/D to guanosine diphosphate (GDP) ( GTP RagA-RagC GDP ). In contrast, the opposite nucleotide configuration ( GDP RagA-RagC GTP ) weakens the interaction with mTORC1 so that it does not localize to lysosomes and the pathway is suppressed (Sancak et al., 2008) . It is unclear whether, out of the four possible nucleotide states, these are the only two in which the Rag GTPase heterodimer can exist. Moreover, in general, why the Rag GTPases are heterodimeric and whether intersubunit communication occurs and, if so, Here, we used kinetic analyses to quantitatively dissect the functional cycle of the Rag GTPases. We find that the Rag heterodimer uses a previously undescribed mode of regulation for GTPases-extensive intersubunit communication-to transmit upstream signals to mTORC1. This mechanism has two key properties: the binding of GTP to one of the Rag subunits inhibits the association of GTP to the other, and if an unwanted binding event does occur, the prebound GTP triggers the hydrolysis of the later-bound GTP, which maintains the original state by destabilizing the GTP RagA-RagC GTP configuration. We find that intersubunit communication is critical for the mTORC1 pathway to rapidly respond to the presence and absence of amino acids, providing a possible explanation for the evolutionary advantage of the heterodimeric architecture of the Rag GTPases.
RESULTS

Binding of GTP to the Rag GTPase Heterodimer Induces Conformational Changes that Inhibit Its Dissociation
To examine potential communication between the subunits of the Rag GTPase heterodimer, it was necessary to develop an assay in which the nucleotide state of each could be quantitatively assessed in the context of the intact complex. Each Rag subunit has an N-terminal nucleotide-binding domain (NBD) with a similar structural fold to Ras and a C-terminal roadblock domain (CRD) that mediates heterodimerization ( Figure 1A ) (De Franceschi et al., 2014; Gong et al., 2011; Jeong et al., 2012; Levine et al., 2013) . Expression of individual subunits in bacteria did not yield soluble proteins (data not shown), probably due to the exposure of hydrophobic residues on the CRD that mediates heterodimer formation. In contrast, co-expression of codonoptimized, C-terminally His-tagged RagA and tagless RagC in the pETDuet-1 vector ( Figure 1B ) generated a stable complex that could be isolated at the high purity needed for biochemical studies ( Figures 1C and 1D ). The fact that RagA and RagC have substantially different molecular weights and that UV light can covalently crosslink nucleotides to GTPases (Yue and Schimmel, 1977) enabled us to develop an assay for measuring, within intact complexes, the binding of radiolabeled nucleotides to each subunit at the same time ( Figure 1E ; STAR Methods). At the end of the binding reaction, we expose samples to UV light and use SDS-PAGE followed by autoradiography to quantify the amounts of radiolabeled nucleotides bound to each Rag subunit ( Figure 1F ). As expected, unlabeled GTP competed with the binding of radiolabeled guanine nucleotides to RagA and RagC ( Figure S1A ), and in heterodimers in which RagA or RagC had a mutation that mimics the Ras(S17N) mutant that does not bind GTP (RagA T21N; RagC S75N) (Feig and Cooper, 1988; Sancak et al., 2008) , GTP bound only to the wild-type subunit (Figures S1B and S1C) .
Within the heterodimer, RagC binds GTP with a K d of 11 nM, $4-fold tighter than RagA, and both bind GDP slightly less well than GTP (Figures 1F and 1G ; summarized in Figure 1Q ). These K d values are orders of magnitudes lower than the cellular concentration of GTP ($0.7 mM), suggesting that mechanisms must exist to prevent both subunits from being loaded with GTP as the active heterodimer is in the GTP RagA-RagC GDP state. To understand nucleotide binding in more detail, we examined pre-steady-state kinetics by measuring the nucleotide association and dissociation rates of the Rag GTPases (Fersht, 1999; Feuerstein et al., 1987; Nowak and Goody, 1988; Simon et al., 1996) . For the on-rate measurement ( Figure 1H ), we monitored nucleotide association to Rag subunits over time (Figures 1I (H) Experimental setup of the crosslinking assay for measuring the on rates of nucleotides to the Rag GTPases. (I) Reaction time course of GTP bound to Rag subunits during an on-rate measurement. Four Rag concentrations (100, 200, 300, and 400 nM) are shown from top to bottom, where time points were taken to monitor the reaction process. At higher Rag concentrations, reactions reach equilibrium faster. (J and K) Quantification of the observed rate constants for GTP association to RagA (J) and RagC (K) at different Rag concentrations. A single exponential rise function was used to fit the time points shown in (I). Curve colors match with the corresponding Rag concentrations in (I). (L and M) On rates for GTP (L) and GDP (M) to the Rag GTPase heterodimer. Linear regression of the observed rate constants (values obtained from J and K for GTP association and Figures S1E and S1F for GDP association) against Rag concentration gives the slope (k on ) for RagA (red) and RagC (blue). (N) Experimental setup of the crosslinking assay for measuring the off rates of nucleotides from the Rag GTPases.
(O and P) Reaction time course of radioactively labeled nucleotides remaining bound to Rag subunits during the off-rate measurement of GTP (O) and GDP (P) dissociation. Top: SDS-PAGE resolves nucleotide bound to RagA (lower bands) and RagC (upper bands) in the presence of unlabeled nucleotides as a chase. Bottom: quantification. Data were fit to a single exponential decay to extract the off rates (k off ). (Q) Summary of binding kinetics of nucleotides to the Rag GTPases at 4 C. Gray numbers in parenthesis denote the SDs of the reported values calculated from at least three independent experiments. (R and S) Free energy profiles and models for GDP (R) and GTP (S) binding to the Rag GTPases. In the case of GDP binding (R), the matched predicted and measured k off values suggest a single energy barrier. In the case of GTP binding (S), a second barrier is required to explain the discrepancy between the predicted and measured k off values. (67) 229 ( (D) Later-bound XTP to RagA(D130N) has no effect on the amount of GTP prebound to RagC. Top: prebound GTP to RagC chased by XTP or XDP binding on RagA(D130N). Bottom: quantification. Later-bound XTP or XDP on RagA(D130N) has no effect on the prebound GTP. (E) Experimental setup of a half-site binding assay to measure the on rates of nucleotides to singly loaded Rag GTPases. Unlabeled nucleotides were added at sub-equal molar amounts compared to the nucleotide-binding pockets to generate singly loaded Rag GTPases. (F) Half-site on-rate measurements for GTP association when the Rags are singly loaded with GTP (filled circle) or GDP (open circle). The subunit in bold is the subunit associated with the labeled GTP in the assay to measure the half-site on rate. For example, RagA-RagC GDP (open red circle) shows how fast RagA associates with labeled GTP when RagC is preloaded with GDP. The slope gives the half-site on rates. Notice that concentration dependence is lost in the case of GTP.
(G) Half-site on-rate measurements for GDP association when the Rags are singly loaded with GTP (filled circle) or GDP (open circle). As before, subunits in bold indicates which subunit is binding the labeled GDP in the assay to measure the half-site on rate. GDP associates with the Rag GTPases more slowly if one subunit is preloaded with GTP.
(legend continued on next page) and S1D). Linear regression of the observed reaction rates (k obsd ; Figures 1J and 1K for GTP and Figures S1E and S1F for GDP) against Rag concentrations generated the secondary reaction rate constants k on , which reveal that RagA and RagC associate with guanine nucleotides at very similar rates ( Figure 1L for GTP and Figure 1M for GDP; summarized in Figure 1Q ). We measured the off rate in a pulse-chase setup ( Figure 1N ), in which preloaded labeled GTP on the Rags was chased by an excess of unlabeled GTP (k off ; Figure 1O for GTP and Figure 1P for GDP). Despite the similar binding affinities and on rates, GTP dissociates from the Rags much more slowly than GDP, with a 600-to 4,000-fold difference ( Figure 1Q ). Careful examination of the kinetics data revealed a surprising discrepancy ( Figure 1Q ). If the binding of nucleotides to the Rag GTPases involves a single transition state, then the dissociation constant, and the on and off rates, should conform to the equation K d = k on /k off . This prediction holds true for GDP, where the calculated k off matches well with the measured k off ( Figure 1Q ), suggesting that GDP binding does indeed overcome one transition state ( Figure 1R ). However, the measured k off for GTP is 1,300-and 46-fold slower than the calculated one for RagA and RagC, respectively ( Figure 1Q ; GTP k off, calc versus k off, measured ). This discrepancy suggests that the binding of GTP, but not GDP, induces conformational changes in the heterodimer beyond the local ones on switch I and switch II that are common to small GTP-binding proteins (Hall et al., 2002; Vetter et al., 1999) and that these prevent GTP dissociation ( Figure 1S ). To our knowledge this second transition state has not been observed in monomeric GTPases, suggesting that it is a result of the heterodimeric architecture of the Rag GTPases.
Binding of a Single GTP to the Rag GTPase Heterodimer Inhibits Binding of a Second GTP To understand the consequences of GTP binding to the Rag heterodimer, it was necessary to characterize its singly GTP-loaded state in vitro by combining the crosslinking assay with Rag mutants that preferentially bind xanthine instead of guanine nucleotides (RagA D130N; RagC D181N) (Figure 2A ) (Hwang and Miller, 1987; Sweet and Gerace, 1996) . Surprisingly, when RagA(D130N) in the RagA(D130N)-RagC heterodimer was bound to xanthosine 5 0 -triphosphate (XTP) instead of xanthosine 5 0 -diphosphate (XDP), the wild-type RagC partner bound less GTP ( Figure 2B ). In the reverse direction, this observation also holds for the RagA-RagC(D181N) heterodimer ( Figure S2A ), suggesting that nucleoside triphosphate binding to one subunit (RagA or RagC) inhibits nucleoside triphosphate binding to the other (RagC or RagA). As a control experiment, we switched the sequence of binding ( Figure 2C ); once RagC was already loaded with GTP, the subsequent binding of XTP or XDP to RagA(D130N) had no observable effect on the amount of preloaded GTP ( Figure 2D ), indicating that the binding of the first nucleoside triphosphate has dominant consequences. These findings suggest that the binding of GTP to either RagA or RagC could alter the conformation of the entire heterodimer to induce a ''locked state'' that suppresses the association of GTP to the other subunit (negative cooperativity). To verify this possibility, we directly measured the on rate of GTP to singly loaded wild-type Rag GTPase heterodimers using a half-site binding assay . We reasoned that if the binding of the first GTP inhibits the association of the second GTP, then we should observe a slower on rate. This is indeed the case: when RagC is bound to GDP, RagA associates GTP at 890 M À1 s À1 ( Figures 2F and 2H ). When RagC is loaded with GTP, however, the on rate no longer exhibits concentration dependence ( Figure 2F ) and gives a first-order rate constant of 1.1 3 10 À4 s À1 . Similar results were obtained using the xanthine-specific mutants described above (Figures 2I-2L and S2F-S2I); when the xanthine-specific subunit prebinds XTP instead of XDP, the on rate of GTP to the guanine-specific subunit is slower ( Figure 2J for RagC and Figure 2K for RagA; summarized in Figure 2L ). These results are consistent with the Rag heterodimer being in a conformation that is not permissive to the direct binding of the substrate when it is singly loaded with GTP. In this locked state, the transient opening of the binding pocket becomes rate limiting, making the ''on rate'' first order and thus independent of Rag concentration (Figures S2J and S2K) (Fersht, 1999) . We extended the half-site on-rate measurement to GDP association and found, to a lesser extent, a decrease in on rates when one subunit was preloaded with GTP ( Figures 2G and 2H ). However, the observed rate for GDP association is still dependent on the Rag concentration, likely because GDP is smaller so that even in the locked state the Rags cannot fully exclude it from the partially shielded nucleotide-binding site.
To directly probe the conformations of the Rag GTPases in different nucleotide-loading states, we utilized a lysine modification assay ( Figure S2L ), where the extent of lysine modification by sulfo-N-hydroxysuccinimide (NHS)-acetate correlates with its solvent accessibility (Guo et al., 2008) . When both subunits bind GDP, the Rag GTPases have a modification profile very similar to that of empty Rags (log 2 ratio $0; Figure S2M ). However, in the presence of 1:1 GTP/GDP, several lysine residues show a significantly lower level of modification ( Figure S2M ). For example, Lys20 of RagA and Lys74 of RagC, both localizing within the nucleotide-binding pocket, are much less modified than without GTP, consistent with a local conformational change 
14×↑ 3000×↑
Summary of GTP hydrolysis kinetics (25°C) 2.2×10 upon GTP binding that is prevalent among Ras-family GTPases. Another region that displays lower levels of modification is Lys230 of RagA and Lys258 of RagC ( Figures S2N and S2O ). Based on a homologous structure ( Figure S2P ), these residues localize to the hinge region connecting the NBD and CRD (Gong et al., 2011; Jeong et al., 2012) . The significant reduction in the modification of these residues indicates that the hinge region is more shielded than in the GDP-bound state, suggesting that GTP binding induces a more compact conformation. Thus, in aggregate, these data indicate that when one subunit binds GTP, the Rag heterodimer rearranges into a more compact (''locked'') conformation that can account for the second transition state on the free-energy plot ( Figure 2M ) and decouples k on and k off . RagC loses its GDP and misloads with GTP, is there a mechanism to promote hydrolysis of the newly bound GTP, or do both subunits have an equal chance of hydrolyzing their GTPs? If the latter were the case, the heterodimer could flip from the active to inactive state, which might be undesirable. We monitored labeled GTP hydrolysis using thin-layer chromatography (TLC) in both single-and multiple-turnover setups (Figures 3A and 3E) (Peluso et al., 2001) . In single-turnover assays, a trace amount of GTP is incubated with an excess of the Rag GTPases, so that only a single subunit in each heterodimer will have the opportunity to hydrolyze GTP once (Figure 3A) . In multiple-turnover assays, the Rag GTPases are saturated with excess GTP, so that both subunits can hydrolyze GTP for multiple rounds ( Figure 3E ). These two setups yielded completely different kinetic parameters ( Figures 3B-3D , 3F-3H, S3B, and S3C; summarized in Figure 3K ). The Rag GTPases hydrolyzed GTP 14-fold faster in the multiple-turnover assay than in the single-turnover assay ( Figure 3K , k cat ), suggesting that the GTP RagA-RagC GTP state is unstable. Moreover, the K M for GTP was also 3,000-fold higher in the multiple-turnover assay than in the single-turnover assay ( Figure 3K) , showing that the association of the second GTP is kinetically unfavorable, as predicted by the locking model proposed above. In the same assays, heterodimers containing RagA or RagC mutants with impaired GTP binding (cf. Figures S1B and S1C) showed no differences between single-and multiple-turnover assays . We also probed how the order of GTP binding to the Rag heterodimer impacts hydrolysis by its subunits. We first checked the hydrolysis of the later bound GTP using a half-site hydrolysis setup ( Figure 3L ), where we loaded half of the nucleotide-binding pockets in the Rag heterodimer with unlabeled GTP or GDP, so that labeled GTP can only occupy and be hydrolyzed by the remaining site. When the Rag GTPases were singly loaded with GTP or GppNHp, the hydrolysis rate on the other subunit was 4-fold faster than when loaded with GDP ( Figures 3M and 3N) . To measure the hydrolysis rate of the prebound GTP, we switched the reaction order so that labeled GTP was first loaded on the Rag GTPases, and then an excess of unlabeled GTP or GDP was added as a chase to occupy the remaining site (Figure 3O) . In this scenario, no acceleration in the reaction rate was observed regardless of the chase. The prebound GTP was hydrolyzed at a constant, slow speed, similar to that in a single-turnover setup ( Figures 3P and 3Q ), suggesting the later-loaded GTP has no effect on the prebound GTP. Thus, the prebound GTP hydrolyzes itself at a slow rate while causing accelerated hydrolysis at the other nucleotide-binding pocket.
Combining these results, we conclude that a single GTP-binding event on one subunit is necessary and sufficient to drive the heterodimer into a locked state that inhibits the association and promotes the hydrolysis of GTP by the other subunit ( Figure 3R ). Thus, ''intersubunit communication'' maintains the Rag heterodimer in its active or inactive state, ensuring the stability of each and pointing to the necessity of regulators to interconvert between them.
Rag GAPs Interconvert between the Functional States of the Rag GTPase Heterodimer
The consequences of intersubunit communication and the slow intrinsic GTP dissociation and hydrolysis rates of the Rags should make transitions between the two stable states intrinsically challenging. These findings clearly point to a key role for extrinsic regulators in modulating the Rag GTPases in response to nutrients.
Indeed, two GAPs have been discovered for the Rags: GATOR1 Panchaud et al., 2013) and FLCN-FNIP2 (Petit et al., 2013; Tsun et al., 2013) for RagA/B and RagC/D, respectively ( Figure 4A ). To test the hypothesis (K) Summary of GTP hydrolysis kinetics for the Rag GTPases at 25 C. Gray numbers in parenthesis denote the SDs of the reported values calculated from at least three independent experiments. (L) Experimental setup for a half-site GTP hydrolysis reaction.
(M) Half-site GTP hydrolysis in the presence of GTP (red), GDP (blue), or GppNHp (orange). Radioactively labeled GTP is hydrolyzed on one subunit of the Rag GTPases when the other is preloaded with nucleotides. Preloaded GTP and GppNHp trigger hydrolysis by the other subunit. Control (black) contains no preloaded nucleotides.
(N) Summary of the observed rate constants for half-site GTP hydrolysis reactions in (M).
(O) Experimental setup for a half-site GTP hydrolysis chase. Labeled GTP was preloaded and hydrolyzed on one subunit of the Rag GTPases before an excess amount of cold nucleotides was added to occupy the remaining binding sites.
(P) Half-site GTP hydrolysis chased by GTP (red), GDP (blue), or GppNHp (orange). No difference in the slope was observed. Pure buffer was added to the control (black).
(Q) Summary of the observed rate constants for half-site GTP hydrolysis chase in (P).
(R) Illustration of the effect of the locked conformation on GTP hydrolysis. GTP binding to RagA triggers GTP hydrolysis by RagC. The reverse case is shown in Figure S3H .
that these GAPs accelerate state conversion of the Rag heterodimer to match the temporal requirements of mTORC1 signaling, we measured the kinetic parameters for GAP-stimulated GTP hydrolysis reactions. For wild-type Rags, GATOR1 and FLCN-FNIP2 stimulate GTP hydrolysis in a dose-dependent manner (Figures 4B and 4C ; summarized in Figure 4K ). The rate enhancement of GATOR1 or FLCN-FNIP2 is 45-fold (Figure 4B ) and 1,000-fold ( Figure 4C ) in a single-turnover reaction and 20-fold ( Figure S4E ) and 50-fold ( Figure S4M ) in a multipleturnover reaction, respectively. The stimulated hydrolysis is much faster than the intrinsic hydrolysis of the Rag GTPases, which brings the half-life of the activated state from over 8 hr down to 12 min (37 C) and of the inactive state to 30 s. These rates are consistent with the timescales at which mTORC1 signaling responds to amino acids. Therefore, we concluded that GATOR1 and FLCN-FNIP2 resolve the locked states (activated or inactive), facilitating the Rags for stateconversion.
In Ras-like GTPases, a glutamine residue (Gln61 in Ras) serves as the general base for GTP hydrolysis and chelates the nucleophilic-attacking water to stabilize the transition state (Pai et al., 1990; Scheffzek et al., 1997) . We analyzed the corresponding glutamine mutants of the Rag GTPases in the GAP-stimulated GTP hydrolysis reaction. As expected, GATOR1 acts specifically on RagA, because RagA(Q66L)-RagC ( Figures 4D and 4E ), but not RagA-RagC(Q120L) (Figure S4C ), loses GATOR1-dependent stimulation. In contrast, RagA-RagC(Q120L) ( Figure 4F and 4G ), but not RagA(Q66L)-RagC ( Figure S4J ), no longer responds to FLCN-FNIP2. These results suggest that the conserved glutamine residues strongly participate in GAP-stimulated GTP hydrolysis and that the two GAPs likely reposition this residue on the corresponding Rag to facilitate GTP hydrolysis. Point Mutations in Switch I of the Rag GTPases Disrupt Intersubunit Communication As discussed above, intersubunit communication by the Rag heterodimer provides a mechanism for maintaining its subunits loaded with opposite nucleotides. To understand the biological relevance of this mechanism, we sought mutants that disrupt intersubunit communication. By systematically characterizing the biochemical properties of recurring RagC mutations found in follicular lymphoma, we identified two interesting mutants, RagC(L91P) and RagC(K84T), in switch I ( Figure 5A ) (Long et al., 2016; Okosun et al., 2016) . The affinity of guanine nucleotides to these mutants closely resembles that of the wild-type proteins ( Figures 5B, 5D , and S5A-S5E), suggesting that they maintain an intact nucleotide-binding pocket. However, in the RagA-RagC(L91P) heterodimer, the off rate of GTP for RagC increases by 10-fold, while that for GDP remains similar ( Figures 5C, 5D , and S5F). These results suggest that the binding of GTP to RagC(L91P) does not drive the Rag heterodimer into the locked conformation that should have inhibited its dissociation. If this were true, the previously observed properties of the locked state should diminish: preloaded GTP should not inhibit the second GTP from associating and, if it does, trigger its hydrolysis. We used the half-site setup to measure the on rate of the second GTP ( Figure 2E ). For wild-type Rags with normal intersubunit communication, the second GTP association does not have concentration dependence ( Figure 5E , dashed line; cf. Figure 2F) , but for the RagA-RagC(L91P) mutant, the concentration dependence is partially restored for both subunits (Figures 5E and 5G) , suggesting that the first GTP binding does not effectively drive the heterodimer containing this mutant into the closed conformation. Moreover, the rate enhancement in a multiple-turnover GTP hydrolysis reaction ( Figure 5I ), but not in a single-turnover reaction ( Figure 5H ), is partially suppressed for RagA-RagC(L91P), suggesting that the prebound GTP does not efficiently trigger hydrolysis of the later-bound GTP. In addition, the half-site hydrolysis stimulation by GTP is impaired for this mutant (Figures S5M and S5N) . Therefore, we conclude that the L91P mutation in RagC partially disrupts intersubunit communication ( Figure 5K ). Tests of the analogous mutant in RagA, RagA(R37P), and of the RagC(K84T) mutant, led to similar conclusions ( Figures 5D-5J ), suggesting that mutations in either Rag subunit can disrupt the locking process.
Rag Mutants Deficient in Intersubunit Communication Impair Regulation of mTORC1 by Amino Acids
We took advantage of the mutants defective in intersubunit communication to determine its importance in mTORC1 signaling in cells. We first focused on the interaction of the Rag heterodimer with mTORC1, which is strongest when RagA is loaded with GTP and RagC with GDP. As expected, heterodimers containing the RagA(Q66L) mutant that does not respond to GATOR1-stimulated GTP hydrolysis or the RagC(S75N) mutant that favors GDP binding interacted better with mTORC1 than the wild-type proteins, while mutants having the opposite effects bound worse ( Figures 6A and S6A) (Sancak et al., 2008) .
Interestingly, the communication-defective RagA mutant (RagA R37P), despite its capability to bind GTP, bound as poorly to mTORC1 as the RagA(T21N) mutant that is deficient in GTPbinding, suggesting that locking is required for RagA to maintain the GTP-loaded state needed to associate with mTORC1 (Figure 6A) . In contrast, heterodimers containing the communication-defective RagC mutants L91P or K84T interacted better with mTORC1 than those with wild-type RagC, indicating that in the absence of the locking mechanism, RagC likely reverts to the GDP-bound state that promotes the interaction with mTORC1 ( Figure 6A ). Thus, mutants that do not affect nucleotide binding but prevent intersubunit communication have strong effects on the Rag-mTORC1 interaction by preventing the Rag heterodimer from achieving the locked states.
We next examined the effects of the mutants on the phosphorylation of the mTORC1 substrate S6K1 in response to amino acid stimulation and starvation. In HEK293T cells expressing the control protein Metap2 or the wild-type Rags, amino acid stimulation and deprivation regulated mTORC1 activity, as monitored by the phosphorylation of its substrate, S6K1 ( Figures 6B and 6C ). As expected, mutants that alter the nucleotide-binding preferences of the Rags strongly impacted mTORC1 signaling; the RagA(T21N) and RagA(Q66L) mutants rendered the pathway unresponsive to amino acids ( Figure 6B ), while RagC(S75N) prevented the turning off of mTORC1 signaling normally caused by amino acid starvation ( Figure 6C ).
Mutants that block intersubunit communication also caused severe signaling defects. The expression of RagA(R37P) prevented mTORC1 activation in response to amino acid stimulation ( Figure 6B ), while that of RagC(L91P) and RagC(K84T) suppressed the inhibition of mTORC1 signaling that normally occurs upon amino acid deprivation ( Figure 6C ). Moreover, in cells expressing the communication-defective mutants, the response rate of mTORC1 signaling to amino acid stimulation or starvation was also blunted (Figures 6D and 6E ). These observations correlate well with the biochemical and protein interaction assays and reveal that mTORC1 signaling in response to amino acids is distorted if the Rag heterodimer cannot achieve the locked state ( Figure 6F ).
DISCUSSION
As the convergence point of diverse amino acid signals, the heterodimeric Rag GTPases have a central role in controlling the localization and activation of mTORC1. Here, we used kinetic approaches to analyze the intersubunit communication between the subunits within the Rag heterodimer and found that its unique architecture allows for crosstalk between the subunits that is essential for the normal function of the mTORC1 pathway. Specifically, when one subunit binds GTP, it triggers a conformational change that makes it dominant over the other and drives the Rag heterodimer into a locked conformation. This state suppresses the association of a second GTP, and, even if binding does occur, induces its faster hydrolysis. This intersubunit communication is a unique mode of regulation for GTPases and informs how the Rag GTPases transmit amino acid sufficiency to mTORC1.
At the molecular level, how do the Rag GTPases attain the locked conformation? Combining insights from our biochemical analyses with those from the previously solved structures of the (E and F) Half-site on rates for RagA-RagC(L91P) (squares) and RagA-RagC(K84T) (diamonds) (E) and RagA(R37P)-RagC (circles) (F). The subunits in bold are those with which the labeled GTP is associating in the assay to measure the half-site on rate. The slope gives the half-site on rate. Wild-type half-site on rates are shown as dashed lines for comparisons. Notice that the concentration dependence for GTP association is partially restored for all the mutants. *p < 0.05; **p < 0.01; ns, not significant from zero. homologous yeast Gtr proteins (Gong et al., 2011; Jeong et al., 2012) , we hypothesize the following chain of events. The binding of the GTP to one subunit of the heterodimer triggers local conformational changes in switch I and switch II, which form a lid over its nucleotide-binding pocket. Unlike Ras, whose switch I adopts a loop conformation upon GTP binding, we predict from the Gtr1 structure that switch I of the Rag GTPases forms a short a helix ( Figures 7A and 7B ). This helix is in the right position to touch the other subunit, possibly precluding rearrangement of its switch I and thus causing slower association and a higher hydrolysis rate for the second GTP. The proposed reliance of the locking state on cooperation between the switch I regions of the Rag subunits could explain why we can impair it by introducing mutations that promote switch I flexibility. Beyond its requirement for intersubunit communication and normal mTORC1 signaling, there are several other reasons why the heterodimeric architecture of Rag GTPases may have evolved. First, unlike conventional signaling GTPases that exist in two states, on (GTP bound) and off (GDP bound), the Rag GTPases can exist in four states. Although previous work suggests that two are stable (Sancak et al., 2008) must be an intermediate given the importance of the GAPs for interconverting between them. Moreover, the off state of the Rag heterodimer requires RagC to bind GTP, which suppresses its association with mTORC1 regardless of the identity of the nucleotide bound to RagA ( Figure S7 ). It is likely that a switch I rearrangement in RagC either directly displaces mTORC1 or shields the residues responsible for it to associate. Therefore, the off state of the Rag GTPase heterodimer is likely different from that of canonical GTPases, in that it is ''active'' because mTORC1 is actively rejected due to physical hindrance rather simply being unable to bind with it. We speculate that this provides an additional mechanism to prevent the mis-activation of mTORC1. Therefore, the heterodimeric nature of the Rag GTPases creates more states that should allow for the more precise control of mTORC1 signaling. We hypothesized that a role for the fourth state ( GTP RagA-RagC GTP ) will eventually emerge. Second, a heterodimer allows for more binding sites to integrate the many regulators and effectors that the Rag GTPases must contact. Residing in what is likely a crowded environment on the lysosomal surface, the Rag GTPases need to interact with several large multi-protein factors, including, but probably not limited to, Ragulator (Sancak et al., 2010) , SLC38A9 (Jung et al., 2015; Rebsamen et al., 2015; Wang et al., 2015) , GATOR1 Panchaud et al., 2013) , FLCN-FNIP2 (Petit et al., 2013; Tsun et al., 2013) , and mTORC1 (Sancak et al., 2008) . Considering that the size of a canonical GTPase domain is only $20 kDa, it is physically impossible for it to interface with so many factors at the same time, and a heterodimer provides additional binding sites for this to occur. In addition, the existence of the locking mechanism allows for the control of the nucleotide-loading state of one subunit to determine the functional state of the entire heterodimer.
Compared to Ras, the Rag GTPases have slower rates of GTP dissociation and hydrolysis (Frech et al., 1994) . These properties enable the Rags to hold on to the nucleotide-loading state in which they reside ( Figure 7C ), probably because of a requirement for generating a constant output. In order to switch between functional states, two GAPs are needed. By better positioning the critical glutamine residue that chelates the nucleophilic-attacking water, GATOR1 and FLCN-FNIP2 strongly stimulate the GTP hydrolysis rates of RagA and RagC, respectively, which drives the heterodimer from a locked on or off state into the GDP RagA-RagC GDP intermediate ( Figure 7C ). At this point, if a GTP molecule binds to the same subunit, then it will be hydrolyzed immediately because of the proximity to the corresponding GAP. On the other hand, if GTP binds to the other subunit, which drives the Rags into the opposite functional state, then no stimulated hydrolysis will occur because of the specificity of GATOR1 and FLCN-FNIP2 (cf. Figure 5) . The existence of intersubunit communication by the Rag heterodimer and of many Rag GTPase regulators hints at the importance of ensuring faithful and efficient mTORC1 signaling.
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FreeStyle 293-F cells were obtained from Thermo Fisher and maintained in a Multitron Pro shaker setting at 37 C, 125 rpm, 8% CO 2 , and 80% humidity. FreeStyle 293-F cells were cultured in FreeStyle 293 Expression Medium supplemented with penicillin (100 IU/ml) and streptomycin (100 mg/ml).
METHOD DETAILS
Purification of the Rag GTPase Heterodimer (I) To co-express the Rag GTPase dimer in bacteria, a pETDuet-1 vector encoding codon optimized, C-terminally His-tagged RagA and tagless RagC (pSK109) was transformed into BL21(DE3) competent cells and plated on a LB-agar plate containing 100 mg/ml ampicillin. A single colony was inoculated in 50 mL LB media containing 100 mg/ml ampicillin and shaken at 37 C overnight. The saturated overnight culture was diluted 1:100 into four liters of LB to continue growth. Optical density (OD) of the culture was monitored at 600 nm, and the temperature was lowered to 18 C when OD 600 reached 0.4 -0.6 (early log-phase). Half an hour later when the culture was cooled down to 25 C, the Rag dimer was induced by 0.5 mM IPTG and expressed overnight at 18 C ($20 hr). Unless specified below, all the purification steps were carried out at 4 C or on ice to stabilize the Rag GTPases. The bacterial pellets were resuspended in 100 mL of Resuspension Buffer (50 mM NaHEPES, pH 7.4; 100 mM NaCl; 2 mM MgCl 2 ; 2 mM DTT; 0.5 mM PMSF; 0.05% Triton; 100 mM GDP; 100 mg/ml lysozyme; 10 mg/ml DNase; and four tablets of protease inhibitor cocktail). The mixture was stirred at 4 C for 30 min to ensure homogeneous resuspension, before passing through the microfluidizer five times at the pressure of 18,000 psi. The cell lysate was cleared by centrifugation at 40,000 3 g for one hour. The supernatant containing soluble Rag GTPase heterodimer was taken for the next step.
The cleared cell lysate was first cleaned up using a hand-packed anion exchange column, taking advantage of the negatively charged RagC subunit. 15 mL of Q-Sepharose Fast Flow slurry was packed and equilibrated in Buffer A (50 mM NaHEPES, pH 7.4; 50 mM NaCl; 2 mM MgCl 2 ; 2 mM DTT; 100 mM GDP; 0.05% Triton). The cleared cell lysate was then applied to the column using an isocratic flow pump at a rate of 2 mL/min. After sample loading, the column was washed by Buffer A for 20 column volumes, and the bound proteins were eluted by a linear salt gradient of Buffer A to Buffer A' (50 mM NaHEPES, pH 7.4; 500 mM NaCl; 2 mM MgCl 2 ; 2 mM DTT; 100 mM GDP; 0.05% Triton). Fractions containing the Rag dimer were pooled together and dialyzed three times against Buffer B (50 mM NaHEPES, pH 7.4; 150 mM NaCl; 2 mM MgCl 2 ; 0.5 mM TCEP; 100 mM GDP; 0.05% Triton) in preparation for Ni-NTA purification.
Dialyzed fractions from Q-Sepharose were incubated with 5 mL of Ni-NTA resin that was pre-equilibrated in Buffer C (50 mM NaHEPES, pH 7.4; 150 mM NaCl; 2 mM MgCl 2 ; 0.5 mM TCEP; 100 mM ATP; 100 mM GDP; 0.05% Triton). Ni-NTA column was hand-packed after an hour of incubation, and washed by 20 column volumes of Buffer C and 10 column volumes of Buffer C' (Buffer C supplemented with 30 mM imidazole and 300 mM NaCl). The Rag GTPase dimer was then eluted by Buffer C'' (Buffer C supplemented with 250 mM imidazole). The elutant was concentrated in a 30 kDa molecular-weight cut-off concentrator, and ultracentrifuged at 100,000 3 g for 30 min, to remove all the aggregates in preparation for FPLC purification.
For FPLC purification, a monoQ column was first equilibrated in 90% Buffer D (50 mM NaHEPES, pH 7.4; 2 mM MgCl 2 ; 2 mM DTT) and 10% Buffer D' (50 mM NaHEPES, pH 7.4; 1 M NaCl; 2 mM MgCl 2 ; 2 mM DTT), before the elutant from Ni-NTA was applied. A linear gradient from 12% D' to 30% D' was used to elute the bound proteins, and a single peak was collected at around 22% D', which corresponds to the Rag GTPase heterodimer. The peak was concentrated, and any bound nucleotides were stripped by 10 mM EDTA for an hour at room temperature. The apo Rag heterodimer was then applied to a HiLoad 16/60 Superdex 200 gelfiltration column pre-equilibrated in Buffer E (50 mM NaHEPES, pH 7.4; 100 mM KOAc; 1 mM EDTA; 2 mM DTT). The peak corresponding to the Rag heterodimer was collected and concentrated. The final product was aliquoted and flash frozen in the presence of 5% glycerol, and stored at À80 C. The final yield is $1 mg Rag heterodimer per liter of LB culture. The Rag GTPases purified using this construct are suitable for equilibrium binding assays, on-and off-rate measurements, and single turnover GTP hydrolysis assays. Because of the trace amount of contaminating GTPases which hydrolyzes GTP at a much faster rate, the product here cannot be used for multiple turnover GTP hydrolysis assay.
Purification of the Rag GTPase Heterodimer (II)
To completely remove any contaminating GTPases, a pCOLADuet-1 vector (Kan R ) encoding codon optimized, N-terminally His 10 -R 8 -SUMO-tagged RagA and tagless RagC (pSK235) was expressed using a similar protocol as above. 8 L of bacteria culture were lysed and cleared in 160 mL of Resuspension Buffer (substitute DTT with 0.5 mM TCEP). The cleared supernatant was first cleaned up using a hand-packed Ni-NTA column using a similar protocol as above. The elutant was concentrated and ultracentrifuged for FPLC.
A monoS column was first equilibrated in 85% Buffer D and 15% Buffer D', before the elutant from Ni-NTA was applied. A linear gradient from 20% D' to 100% D' was used to elute the Rag GTPases. The peak was concentrated, and the fusion protein was digested overnight by the 3C protease to cleave the His 10 -R 8 -SUMO-tag. The digested mixture was applied to monoS again to remove the tag, and the apo Rag heterodimer was then applied to monoQ followed by HiLoad 16/60 Superdex 200 gel-filtration column. The final yield is $50 mg Rag dimer per liter of LB culture.
Despite the low yield, the Rag GTPases purified using this construct are free of contaminating GTPases and are suitable for multiple turnover GTP hydrolysis assays.
Purification of the GATOR1 and FLCN-FNIP2 Complexes
To generate the GAPs for the Rag GTPases, one million 293 FreeStyle cells were inoculated into 2 L of FreeStyle media. Twenty-four hours later, cells were transfected using PEI with the following combination of pRK5 constructs: For GATOR1: 420 mg FLAG-Depdc5, 840 mg HA-Nprl2, and 840 mg HA-Nprl3; For FLCN-FNIP2: 600 mg FLAG-FNIP2 and 1.5 mg HA-FLCN. Thirty-six hours after transfection, cells were spun down and washed once with ice-cold PBS. Cells were lysed in 100 mL Triton lysis buffer (40 mM NaHEPES, pH 7.4; 100 mM NaCl; 5 mM MgCl 2 ; 100 mM ATP; 10 mM Na 4 P 2 O 7 ; 10 mM Na b-glycerol phosphate; 1% Triton; and two tablets of protease inhibitor cocktail), and were dounced to homogenize. After clearing up the insoluble fractions by centrifuging at 40,000 3 g for 30 min, 4 mL of pre-equilibrated FLAG-M2 beads were added to lysate. Recombinant protein complexes were immunoprecipitated for 3 hr at 4 C, before packing into a column. The resin was washed with 10 column volumes of Triton lysis buffer, followed by 20 column volumes of Triton lysis buffer supplemented with 300 mM NaCl. Before elution, the resin was buffer exchanged into CHAPS buffer (40 mM NaHEPES, pH 7.4; 150 mM NaCl; 2 mM MgCl 2 ; and 0.1% CHAPS). FLAG-tagged GATOR1 or FLCN-FNIP2 was then eluted from the FLAG-M2 beads with 3 3 FLAG peptide dissolved in CHAPS buffer for one hour at 4 C. The elutant was concentrated using a 100 kDa molecular-weight cut-off filter and ultracentrifuged at 100,000 3 g for 30 min in a TLA-100.3 rotor, to remove all the aggregates in preparation for FPLC purification.
To further improve the purity and confirm the integrity of subunit assembly, the protein complexes were subsequently loaded onto a HiLoad 16/60 Superdex 200 gel-filtration column pre-equilibrated in Buffer GFB (50 mM NaHEPES, pH 7.4; 150 mM NaCl; 2 mM MgCl 2 ; 2 mM DTT; and 0.1% CHAPS). The peak corresponding to the desired complex was collected, flash frozen in GFB supplemented with 10% glycerol and stored at À80 C.
Equilibrium Binding Assays
Before use, the newly thawed Rag GTPase heterodimer was ultracentrifuged at 200,000 3 g for an hour and its concentration was redetermined, to completely remove any aggregates caused by the freeze-thaw cycle. Unless otherwise specified, all the biochemical assays below were carried out in Assay Buffer (50 mM NaHEPES, pH 7.4; 100 mM KOAc; 2 mM MgCl 2 ; 2 mM DTT; and 0.1% CHAPS).
To determine the binding affinity of nucleotides to individual Rag subunits, increasing concentrations of Rag GTPases, usually ranging from 5 nM to 2 mM on a log-scale, were mixed with trace amount ($1 nM) of a-32 P-GTP or a-32 P-GDP (Perkin-Elmer). The reaction mixtures were incubated at 4 C until equilibrium was reached, usually for four hours, before directly spotted onto a chilled metal block covered with Parafilm. 0.3 Joule of 254 nm UV light was applied to the droplets, to induce non-specific, zero distance crosslinking between the nucleotide and the subunit it bound to. The resulting products were analyzed by 12% Tris-Glycine gel. After fixing and drying, the gel was exposed to a phosphor-imaging screen, and the intensities of the radioactive signals (I obsd ) were visualized by a Typhoon scanner and quantified using the ImageQuant software. The signals were fit to a single-site binding equation (Equation I ) to extract the K d for both subunits.
in which Amplitude = Radioactive Intensity 3 Crosslinking efficiency 3 Imaging efficiency. For samples taken from the same batch of experiment and run on the same gel, these three terms can be assumed approximately equal, and the Amplitude can be directly compared within. However, these relative terms may vary for mutants or in different assays, so the absolute values of the radioactive signal cannot be compared across different experiments. Notice that the dissociation constant K d is independent of the Amplitude and thus is irrelevant to a change in any of the relative terms.
The sequential binding ( Figure 2A ) and sequential chase ( Figure 2C ) assays were performed in a similar fashion. For the sequential binding assay (Figure 2A ), before radioactively labeled GTP was added to the reaction, the Rag GTPase mutants were pre-incubated with 1.2 equal molar of XTP or XDP at each concentration, to ensure that the xanthine-specific site was occupied. For the sequential chase assay (Figure 2C ), 5 equal molar of XTP or XDP was added to the reaction mixture after the guanine-specific site was preloaded with radioactively labeled GTP.
On-Rate Measurements
To determine the on-rates of nucleotides to individual Rag subunits, at time zero, different concentrations of Rag GTPases, e.g., 100/ 200/300/400 nM, were mixed with trace amount ($1 nM) of a-32 P-GTP or a-32 P-GDP to initiate the reaction. Small aliquots of the mixture were taken out at different time points for crosslinking analysis, to trace the amount of radioactively labeled nucleotides that had been associated to the Rag GTPases, until equilibrium was reached. For example, in Figure 1I , eleven time points were taken between time zero and two hours. For each concentration of the Rag GTPases, the time points were blotted on the same gel and quantified as above. The observed reaction constants (k obsd ) were extracted using a single exponential rise function (Equation II): Substitute (V.6) and (V.7) into (V.2), we obtain:
the solution of which is:
under the boundary condition that at time zero, [Rag,GTP] = 0. Notice that this equation can only be applied at the early stage of the reaction, before $20% of the GTP has been hydrolyzed. When t > 0, the exponential term quickly diminishes to zero, so the concentration of the intermediate species [Rag,GTP] can be reduced to:
Define K M hðk À1 + k 2 Þ=k 1 and substitute (V.10) into (V.3), and solve for the concentration of phosphate, we get:
Because the readout from TLC is the fraction of GTP that is hydrolyzed, we have:
Fraction of hydrolyzed GTP = ½Pi ½GTP 0 = k 2 3 ½Rag 0 ½Rag 0 + K M thk obsd t; (V.12) in which k obsd = k 2 3½Rag 0 =ð½Rag 0 + K M Þ is the observed rate constant at a given Rag concentration. Notice that the TLC assay cannot differentiate GTP hydrolysis from individual subunits of the wild-type Rag GTPases. Therefore, the measured k cat and K m are the weighted average of the k cat and K m values for RagA and RagC. Considering the similar on-rates of GTP to RagA and RagC, and that RagA(T21N)-RagC and RagA-RagC(S75N) behave similarly in both single and multiple turnover reactions ( Figures 3I-3K) , the true values of k cat and K m for RagA and RagC should be similar and close to the measured values.
For the half-site GTP hydrolysis reaction in Figure 3L , 10 mM of wild-type RagA-RagC was pre-equilibrated with 12 mM of unlabeled nucleotides (1.2 equal molar). After the Rags were singly loaded, $0.1 nM of g-32 P-GTP was added to the mixture to start the reaction. Time points were taken and analyzed as above, and the observed hydrolysis rates were obtained by applying linear regression to the radioactive signals against time.
For the half-site hydrolysis chase reaction in Figure 3O , $0.1 nM of g-32 P-GTP was first incubated with 200 nM of wild-type RagARagC to start the reaction. Six time points were taken, before 100 mM of unlabeled nucleotides were added to the reaction mixture, after which more time points were taken. The observed hydrolysis rates were obtained by applying linear regression to the radioactive signals against time.
For GATOR1-and FLCN-FNIP2-stimulated GTP hydrolysis reaction under single turnover conditions, increasing amounts of GATOR1 or FLCN-FNIP2 were included in the reaction that measures the hydrolysis rate of $0.1 nM of g-32 P-GTP by 50 nM wild-type or mutant Rag GTPases. Time points were taken at each GATOR1 or FLCN-FNIP2 concentration to trace the reaction, and analyzed as above. 36 hr later, amino acid stimulation or starvation was performed based on the procedure shown in Figures 6B and 6C . Cells were rinsed once with ice-cold PBS and lysed with Triton lysis buffer (40 mM NaHEPES, pH 7.4; 5 mM MgCl 2 ; 100 mM ATP; 10 mM Na 4 P 2 O 7 ; 10 mM Na b-glycerol phosphate; 1% Triton; and one tablet of protease inhibitor cocktail per 25 mL of buffer). The lysates were cleared by centrifugation at 15,000 rpm at 4 C in a microcentrifuge for 10 min. For anti-FLAG immunoprecipitations, the FLAG-M2 beads were pre-equilibrated in Triton lysis buffer. 30 mL of a 50/50 slurry of the FLAG-M2 affinity beads was then added to cleared lysates and incubated at 4 C for two hours. Following immunoprecipitation, the beads were washed one time with Triton lysis buffer and 3 times with Triton lysis buffer supplemented with 500 mM NaCl. Immunoprecipitated proteins were denatured by the addition of 50 mL of 2.5 3 SDS buffer, resolved by SDS-PAGE, and analyzed by immunoblotting. western blots were quantified using ImageJ software.
For the time-course experiments ( Figures 6D and 6E ), HEK293T cells were treated and lysed at precise time points, and the pS6K1 level was visualized as the indicator of mTORC1 activity.
Western blots were quantified using ImageJ software.
Lysine Modification Assay
To detect the conformational changes of Rag GTPases in different nucleotide loading state, we adapted a lysine modification assay. Aliquots of 0.5 mg/ml wild-type Rag GTPase were first incubated with 200 mM GDP, 100 mM GDP and 100 mM GTP, or buffer on ice for two hours. 4 mM Sulfo-NHS-acetate was then added to the mixture, to irreversibly modify the amine group on the lysine side chain. The reactions were quenched by 0.2 M Tris-HCl (pH 8.0) after 10 min. The products were digested by chymotrypsin and the peptides were identified by mass spectrometry. Total ion current (TIC) for the peptide that contains modified lysine residue was used to quantify the modification efficiency.
QUANTIFICATION AND STATISTICAL ANALYSIS
All the kinetic assays were repeated at least three times, and the results were reported with Mean ± SEM.
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